The effects of waterlogging the soil on leaf water potential, leaf epidermal conductance, transpiration, root conductance to water flow, and petiole epinasty have been examined in the tomato (Lycopersicon esculentum Mill. PAR; RH, 55%. In some cases seedlings were grown in a greenhouse, but were transferred to the growth chamber at least 1 week prior to use in experiments. The pots were irrigated once or twice daily, and full-strength nutrient solution (4) was used once per week in place of water.
water deficit, as leaf water potential is unchanged, even though root conductance is decreased by the stress. The stomatal response apparently prevents any reduction in leaf water potential. Experiments with varied time of flooding, root excision, and stem girdling provide indirect evidence for an influence of roots in maintaining stomatal opening potential. This root-effect cannot be entirely accounted for by alterations in source-sink relationships. Although 1-aminocyclopropane-l-carboxylic acid, the immediate precursor of ethylene, is transported from the roots to the shoots of waterlogged tomato plants, it has no direct effect on stomatal conductance. Ethylene-induced petiole epinasty develops coincident with partial stomatal closure in waterlogged plants. Leaf epinasty may have beneficial effects on plant water balance by reducing light interception.
Paradoxically, physiological responses to waterlogging are often considered to be similar to those induced by drought. Since root conductance can be decreased by sudden flooding, wilting can occur, especially under conditions of high transpiration (12) . However, wilting does not always accompany flooding injury, and leaf 422 may be unaffected or even increase in waterlogged plants (5, 10, 14) . The maintenance of high 4 values in waterlogged plants is due to stomatal closure limiting water loss (10, 14, 18, 22) . Yet, it is unclear how the stomatal response is initiated. The time courses of leaf 4, ge, transpiration, and root conductance during waterlogging were determined to examine their causal and temporal relationships.
Two possible mechanisms were investigated by which waterlogging might influence stomatal behavior without changes in leaf 4 ,. Waterlogged tomato roots export ACC to the shoot where it is converted to ethylene, promoting the characteristic epinasty of the petioles (3) (4) (5) (6) . We therefore tested whether ACC has a direct effect on stomatal opening. Waterlogging also rapidly alters the sourcesink relations of plants (24) , and such changes in assimilate utilization can cause corresponding stomatal responses (11, 19, ' Supported by National Science Foundation and University of California Graduate Fellowships.
2 Abbreviations: A, water potential; ACC, I-aminocyclopropane-1-carboxylic acid; ge, leaf epidermal conductance to water vapor; CK, cytokinin(s); GA, gibberellin(s). 20) . That possibility was studied by using plants which had been steam girdled around the lower stem.
MATERIALS AND METHODS Plant Material and Treatments. Tomato plants (Lycopersicon esculentum Mill.) were grown in 10-cm pots in a potting soil mixture in a growth chamber for five weeks (six to seven leaf stage). Three cultivars were used, VF 145B, VFN8, and Rhinelands Ruhm, and all responded similarly to waterlogging stress. Environmental conditions were: temperature, 26°C day/21°C night; photo-period, 12.5 h (8:30 to 21:00); light intensity, 450 ,uE m s1 PAR; RH, 55%. In some cases seedlings were grown in a greenhouse, but were transferred to the growth chamber at least 1 week prior to use in experiments. The pots were irrigated once or twice daily, and full-strength nutrient solution (4) was used once per week in place of water.
Plants were flooded by placing their pots inside 13-cm pots and filling with distilled H20 to the cotyledonary node. Excised shoots were used to study the effects of ACC. The pots were immersed in water and the stem was cut under water with a razor blade just below the cotyledonary node. After removing the cotyledons and lowest two leaves under water, the bases of the shoots were immersed in solutions with or without ACC in Erlenmeyer flasks and held in place with foam plugs. The solutions were changed to fresh solutions at the start of the second light period. To study the effects of altered source-sink relationships, the stem was girdled by directing a jet of steam from a pipette at the cotyledonary node for 1. Figure 3C were performed at least two times with similar results.
RESULTS
Stomatal Behavior in Waterlogged Plants. Flooding in the morning (at the start of the light period) had no significant effect on ge or transpiration during the first day (Fig. 1) (Fig. 4) . After 48 h, root conductance increased rapidly as the roots became severely injured. Root weight increased steadily in the control plants, but declined in the flooded plants due to deterioration and loss of most of the smaller roots (Fig. 4) . These data suggest that in the evening-flooded plants, root conductance was decreased by the 12 h flooding stress. When stomatal opening occurred on illumination the next morning (Fig.  2) , water uptake lagged behind water loss, resulting in the decrease in leaf (Fig. 3B) . The continued partial stomatal closure after 48 h in both flooding treatments, even though root conductance is now high, emphasizes that stomatal behavior in flooded plants is controlled by factors other than the leaf water balance.
Role of Ethylene in Stomatal Behavior of Flooded Plants. The lag time between the imposition of flooding and the initiation of epinasty represents the time required for root stress to occur, for a signal (ACC) to be transported, and for the shoot tissues to respond (4-6). Stomatal closure and epinasty have similar lag times ( Figs. 1 and 3) . Further, the stomata close and prevent a decrease in leaf 4, only if a period of transpiration intervenes between the imposition of flooding and the next photoperiod (compare Fig. 3, A and B) . Since a vigorous transpirational stream markedly facilitates movement of substances in the xylem from roots to shoot, this implicates the roots as a source of factors which modify stomatal behavior. Since ACC is transported from the roots of waterlogged tomato plants (6), we tested the effect of ACC on ge. When ACC is supplied to excised shoots via the transpiration stream, epinasty is promoted within a few hours (Fig. 5) due to the conversion of ACC to ethylene (6) . Leaf conductance, however, was not significantly different between the treatments (Fig. 5) . Thus, ethylene or ACC does not have a direct effect on stomatal aperture. Excision itself, on the other hand, did influence stomatal behavior. Leaf conductance of the excised shoots was somewhat lower than that of intact plants on the first day of excision, and ge was greatly reduced in the cuttings on the next day (Fig. 6) . The presence of ACC in the uptake solutions had no additional effect. Leaf (11, 19, 20) . Both flooding and root excision could affect stomata by reducing phloem transport from leaves to roots. This hypothesis was tested by girdling plants in greenhouse experiments. Transpiration of intact flooded plants was unaffected on the first day of flooding, but decreased to 53% of the control value on the second day, in good agreement with the growth chamber data (Fig. 7) . Girdled but unflooded plants already showed an 18% reduction in transpiration on the first day (girdling had occurred the previous evening), and the effect Figure 1 . Effect of ACC on ge was not statistically significant. 1, 58.9; night 1, 9.4; day 2, 82.8; night 2, 12.6. Data are averages from two separate experiments with a total of nine replicates. On day 1, only girdling treatment was significant, whereas on day 2, both girdling and flooding were significant (P c 0.001). Girdling x flooding interaction was not significant, indicating that both intact and girdled plants responded similarly to flooding.
to partial stomatal closure. However, there is an additional effect of the anaerobic roots which is not accounted for by this mechanism. DISCUSSION Curiously, waterlogging is often considered to be a stress analogous to drought, and certainly wilting can occur if plants are suddenly exposed to anaerobic root conditions when transpirational demand is high. Many plants, however, including those not particularly adapted to the wetland condition, can respond to stress by closing stomata to restrict water loss. Stomatal conductance is reduced in tomato leaves following waterlogging, without the intervention of a transient wilting and recovery cycle (Figs. I  and 3A) . Moreover, stomatal closure is one of the earliest shoot responses to waterlogging, coinciding with the development of petiole epinasty. Jackson and co-workers (10) also found that transpiration decreased on the secohd day of waterlogging, but detailed measurements of stomatal behavior were not presented. A review by Sojka and Stolzy (22) (Fig. 3A) , leaf of flooded plants remained equal to or greater than that of the control plants. Stomatal (Fig. 3C) . The pattern of stomatal behavior seen in evening-flooded plants can be viewed as a combination of the effects induced by the other two treatments (Fig. 3B) . That is, there is an initial stomatal closure as the result of a decrease in leaf 4 . This occurs because the light comes on 12 h after flooding, and root conductance has decreased by this time (Fig. 4) (Figs. 5 and  6 ). This is in agreement with the lack of ethylene effects on stomata of other species (13) . Thus, one physiologically active compound known to be transported in the xylem of waterlogged plants is not the causal agent.
Root excision largely reproduced the effects of flooding on ge (Fig. 6 ). This is in contrast to epinasty, where anaerobic roots must be present for the response (10 (18) . Removing the roots as a sink by girdling (Fig. 7) did cause stomatal closure with a time course similar to that observed during flooding. Yet, flooding resulted in further reductions in ge and transpiration beyond that caused by girdling.
ABA is the growth regulator most closely associated with stomatal closure, and waterlogging caused a 6 to 8-fold increase in ABA content of tomato leaves (7) . The accumulation of ABA associated with stomatal closure during drought stress is triggered by the loss of leaf turgor (15) . As stomatal closure in waterlogged plants can occur without a decrease in leaf turgor, either some other mechanism triggers the accumulation of ABA in the leaf, or ABA is imported from other parts of the plant. Anaerobic stress might promote the synthesis and export of ABA from roots as is the case for ACC. However, this is inconsistent with the observation that root excision produces effects similar to flooding (Fig. 6 , Ref. 26) . On the other hand, petiole girdling or sink removal results in an accumulation of ABA in soybean (Glycine max L.) leaves (19, 21) . A similar situation may occur during waterlogging due to root anaerobiosis.
The plant growth regulators generally considered to be synthesized in the roots and transported in the xylem sap are GA and CK. These hormones can often promote stomatal opening (9) , and their concentrations in xylem sap decline rapidly in waterlogged plants (25) . Data on endogenous levels of GA and CK in association with alterations in stomatal behavior are badly needed (8) .
The possible adaptive significance of epinastic response to waterlogging has been neglected. In tomato, not only does the main petiole change in angle, but each leaflet also assumes a more vertical orientation. This reduces the horizontal surface area for light interception (Bradford, K. J., unpublished results) and the heat load (1, 5) . Epinasty and partial stomatal closure may act together to restrict water loss soon after waterlogging, when root conductance has decreased. The maintenance of high leaf permits some stomatal opening and the accompanying photosynthesis. In our own work (Figs. I and 2), changes in ge can largely account for the reduction in transpiration, and the data are not precise enough to distinguish an additional effect of epinasty. This may be due to the relatively low intensity and diffuse illumination in the growth chamber. A larger influence of epinasty on water loss would be expected under the intense and unidirectional radiation in the field around midday.
